Currently, there are challenges with proper disposal of cassava processing wastewater, and a need for sustainable energy in the cassava industry. This study investigated the impact of co-digestion of cassava wastewater (CW) with livestock manure (poultry litter (PL) and dairy manure (DM)), and porous adsorbents (biochar (B-Char) and zeolite (ZEO)) on energy production and treatment efficiency. Batch anaerobic digestion experiments were conducted, with 16 treatments of CW combined with manure and/or porous adsorbents using triplicate reactors for 48 days. The results showed that CW combined with ZEO (3 g/g total solids (TS)) produced the highest cumulative CH 4 (653 mL CH 4 /g VS), while CW:PL (1:1) produced the most CH 4 on a mass basis (17.9 mL CH 4 /g substrate).
Materials and Methods

Substrate and Inoculum Collection and Preparation
Cassava Wastewater Substrate
The cassava tubers were obtained from a farmer's market in Adelphi, Maryland, USA. The cassava tubers were manually peeled and soaked for 5 days in the laboratory using 1 L/kg of deionized water to replicate the rural cassava processing steps for 'fufu' production, a popular African dish derived from fermented cassava paste. Fermented tubers were manually squeezed, and the cassava wastewater (CW) was collected and used for the experiments. The substrate characteristics and the experiment design are given in Tables 1 and 2 . The CW had a COD range of 29.8-33.4 g/L, volatile solids (VS) of 17.3 g/kg, total solids (TS) of 17.8 g/kg, and a pH of 5.5. The dairy manure (DM) used as a co-substrate was obtained from the 100-cow dairy at the US Department of Agriculture (USDA) Beltsville Agricultural Research Service (ARS) in Beltsville, MD. Poultry litter (PL) was obtained from a poultry (broiler) farm at the University of Maryland Extension-Talbot county, Easton Maryland. The poultry litter consisted of poultry droppings and beddings from wood shavings. Both manure substrates were collected onsite and stored at 4 • C before use. The inoculum used for the experiment was digestate of a complete mixed wastewater sludge digester (Alexandria, VA, USA) and was stored at 4 • C prior to use.
Biochar and Zeolite Additives
Two porous materials, biochar (B-Char) and clinoptitolite zeolite (ZEO), were added to the CW as co-treatments. The biochar (B-Char) substrate was derived from corn stover prepared through pyrolysis under an O 2 -free atmosphere at 500 • C, with a holding time of 10 min (ArtiCHAR, Prairie City, Iowa, USA). The biochar particle size varied from 841 mm to <74 mm, with a VS and TS of 690 and 980 g/kg, respectively. The zeolite was a high purity 97% clinoptilolite zeolite produced at Amargosa Valley (Nye county, NV, USA). The zeolite used was in the form of granules with an angular shape and gray color. The pore diameter was between 4.0-7.0 angstroms.
Experimental Design
A batch digestion experiment was conducted based on the biochemical methane potential (BMP) test following methods by Moody et al. [26] . The digestion tests were conducted at the University of Maryland's Department of Environmental Science and Technology (ENST) Water Quality Laboratory (College Park, MD USA). Prior to starting BMP tests, the TS and VS for CW, PL, DM, and inoculum were determined and used to combine the co-substrate ratios based on VS. The experiment was designed for 16 treatments, with three replicates for each treatment (48 total digestion reactors). Each digestion reactor consisted of a 250 mL serum bottle, with the substrates and inoculum loaded at a 2:1 inoculum to substrate ratio (ISR) based on VS and operated in mesophilic conditions (35 • C). For all treatments, an equal volume of inoculum (92.1 g) was added to each triplicate reactor.
The biochar (B-Char) and zeolite (ZEO) treatments were prepared using a low concentration (LC) (0.5 g adsorbent/g TS of substrate) and a high concentration (HC) (3 g adsorbent/g TS of substrate) added to 57.82 g CW. For the manure co-digestion treatments, 3.42 g of PL and 3.26 g of DM were digested alone and co-digested with 28.91 g CW with and without the HC of ZEO. Additionally, PL was co-digested with 28.91 g CW and the HC of B-Char. Inoculum-only reactors were also incubated, and the CH 4 production from the inoculum was subtracted from each treatment to account for residual CH 4 production from organics in the inoculum.
Prior to incubation, the headspace in each vessel was purged with N 2 for three minutes to ensure anaerobic conditions and immediately capped with a rubber septum, and the bottles were placed on a shaker (120 rpm) in a controlled environmental chamber at 35 • C for 48 days. The daily biogas volume was measured by volumetric displacement using a graduated, gas-tight, wet-tipped 50 mL glass syringe inserted through the top of the rubber septum. Biogas production was quantified volumetrically at normal temperature and pressure conditions using a glass gas-tight syringe, equilibrated to atmospheric pressure [26] . All CH 4 production values are reported in normal temperature and pressure conditions (1 atm and 20 • C).
Analytical Methods
The pH of substrates and inoculum were determined with an Accumet AB 15 pH meter (Fisher Scientific, Hampton, NH). For all samples, TS (Method 2540B) and VS (Method 2540E) concentrations were determined using standard methods for the examination of water and wastewater [27] . Total Kjeldahl nitrogen (TKN) and total phosphorus (TP) samples were analyzed on a Lachat autoanalyzer (Quikchem 8500, Hach Company, Loveland, CO, USA) using QuikChem methods 13-107-06-2-D for TKN and 13-115-01-1-B for TP. The COD concentration was measured using a Hach DR 5000 spectrophotometer (Hach Company, Loveland, CO, USA).
The carbon content of the CW, PL, DM, and inoculum were calculated using the equation from Adams et al. [28] , where % Carbon = % VS/1.8.
Biogas was analyzed for CH 4 and CO 2 content by injecting 0.10 mL of gas sample using a luer-lock, gas-tight syringe into an Agilent HP 7890 A gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with a thermal conductivity detector (TCD) and single HP porous layer open tubular (PLOT) Q column with an injection temperature of 250 • C, a detector temperature of 250 • C, an oven temperature of 60 • C, and conveyed using He gas at a flow rate of 8.6 mL He/min [10] .
Statistical Analysis
Cumulative CH 4 production was analyzed using analysis of variance (ANOVA) to determine significantly differences, with p-values < 0.05 considered significant. Tukey's honestly significant difference (HSD) post-hoc tests were performed for multiple comparisons between variables based on different digestion periods during the 48 days of the experiment. All results presented in the tables and charts are average values with standard error (SE).
Results and Discussion
Characterization of Substrate and Inoculum
The pH of the CW substrate was between 5.5 and 6.5 ( Table 2 ). Some studies have reported lower pH values for CW, ranging from 3.9-4.5 [29] . The pH of mixed substrates before and after AD was within the ideal pH range (6.5-8) for CH 4 production [30] . The TS and VS of the cassava wastewater (17.8 and 17.3 g/L, respectively) was 75.8% and 60.4% lower than PL respectively, and 11.3 and 9.7% lower than DM, respectively. As the CW was a liquid wastewater, it was a more dilute waste stream than the manure substrates and had comparatively less TS and VS.
The TKN and TP of the CW were 375 and 222 mg/L respectively (Table 2) , whereas, the PL had higher TKN and TP values (3675 and 1245 mg/L, respectively), which were similar to DM (3450 and 603 mg/L, respectively). The low nitrogen content of CW observed in this study was consistent with findings from others CW studies [1, 2, 8 ]. The C:N ratio of the CW substrate was 27.8, which was similar to the value 29.1 reported by Lin et al. [31] . The carbon to nitrogen ratio is a key factor affecting anaerobic digestion [32] , with C:N ratios between 25 and 30 reported as the most suitable for CH 4 production [2, 31] . The C:N ratio for PL and DM in this experiment was 13.0 and 15.2 respectively, which were lower than the optimal conditions, while the CW was higher. When the substrates were combined, the C:N ratio of the mixtures were 20.4 and 21.1, for PL and DM, respectively.
Effect of Livestock Manure Co-Digestion with Cassava Wastewater on Biogas Production
Cumulative CH 4 Production Based on VS Addition into the Digestion Reactor
After 48 days of digestion, the cumulative CH 4 production (on a per g VS-basis) from CW-only (620 mL CH 4 /g VS) was 15.8% higher than co-digestion of CW:DM at a 2:1 ratio (522 mL CH 4 /g VS; p-value < 0.001; Figure 1 ; Table 3 ). The CW-only digestion had 5.8% higher CH 4 production than CW:PL at a 2:1 ratio (590 mL CH 4 /g VS), but this difference was not statistically significant (p-value = 0.864). Similarly, CW-only was 14.4% and 25.6% higher respectively, than CW co-digested at a 1:1 ratio with DM and PL (461 and 531 mL CH 4 /g VS; p-values < 0.001 and 0.001, respectively). Table 3 . Reductions in volatile solids (VS) and chemical oxygen (COD) during digestion for the substrate and inoculum in each reactor. The cumulative methane (CH 4 ) production is given using two normalizations: per g VS added and per g of total substrate added. Superscript letters (a through g) indicate significant differences within each column at p-value < 0.05. When CH4 production is normalized on a VS basis, the efficiency of the organic material to CH4 conversion process is shown. These results show that CW can be co-digested or digested alone, and co-digestion of CW with manure resulted in similar or slightly lower CH4 production efficiency values (5.8%-25.6% decrease with co-digestion). It should be noted that the inoculum included in the digestion reactor helped to lower the C:N ratio from 27.8 in the CW substrate to 21.7 in the digestion reactor with the inoculum and CW mixture, with an increase in the pH value from 5.53 to 7.75 due to inoculum inclusion. The significance of pH as a key determining factor for AD process, especially in full-scale continuous reactors were highlighted in Calabrò et al. [33, 34] . In field conditions, it would be important to have a viable inoculum source for initiating digestion and to consider a co-digestion material that can help to neutralize the low pH and is high in nitrogen to ensure that the microbes are not nitrogen-limited.
Substrate
VS Reduction
Cumulative CH4 Production Based on the Mass of Substrate Added to the Digestion Reactor
Due to the high VS concentration of the manure substrates, the PL-only reactors had an order a magnitude higher CH4 production on a mass basis (193 mL CH4/g substrate) than DM-only (22.9 mL CH4/g substrate) and all CW reactors ( Table 3 ). The DM and PL manure substrates had 84.8% to 97.2% higher VS concentrations respectively, than the CW substrate ( Table 2 ). Digestion of CW yielded 83.9% and 74.8% more cumulative CH4 (on a VS-basis) than DM-only and PL-only digestion (100 and 156 mL CH4/g VS, respectively; Table 2 ), as the organic matter in the CW substrate was converted into CH4 more efficiently than the manure substrates, likely due to the more recalcitrant nature of the VS in the complex manure substrates compared to the cassava wastewater. The CW:PL (1:1) had the highest CH4 production (17.9 mL CH4/g substrate) of the CW co-digestion treatments (on a mass basis). The PL co-substrate had higher CH4 production efficiencies than CW co-digested with DM at both the 1:1 and 2:1 ratios (p-values = 0.017 and 0.025, respectively), indicating that a continuouslyfed CW digestion system would benefit from co-digesting with PL due to the high organic loading of the PL substrate. When CH 4 production is normalized on a VS basis, the efficiency of the organic material to CH 4 conversion process is shown. These results show that CW can be co-digested or digested alone, and co-digestion of CW with manure resulted in similar or slightly lower CH 4 production efficiency values (5.8%-25.6% decrease with co-digestion). It should be noted that the inoculum included in the digestion reactor helped to lower the C:N ratio from 27.8 in the CW substrate to 21.7 in the digestion reactor with the inoculum and CW mixture, with an increase in the pH value from 5.53 to 7.75 due to inoculum inclusion. The significance of pH as a key determining factor for AD process, especially in full-scale continuous reactors were highlighted in Calabrò et al. [33, 34] . In field conditions, it would be important to have a viable inoculum source for initiating digestion and to consider a co-digestion material that can help to neutralize the low pH and is high in nitrogen to ensure that the microbes are not nitrogen-limited.
Cumulative CH 4 Production Based on the Mass of Substrate Added to the Digestion Reactor
Due to the high VS concentration of the manure substrates, the PL-only reactors had an order a magnitude higher CH 4 production on a mass basis (193 mL CH 4 /g substrate) than DM-only (22.9 mL CH 4 /g substrate) and all CW reactors ( Table 3 ). The DM and PL manure substrates had 84.8% to 97.2% higher VS concentrations respectively, than the CW substrate ( Table 2 ). Digestion of CW yielded 83.9% and 74.8% more cumulative CH 4 (on a VS-basis) than DM-only and PL-only digestion (100 and 156 mL CH 4 /g VS, respectively; Table 2 ), as the organic matter in the CW substrate was converted into CH 4 more efficiently than the manure substrates, likely due to the more recalcitrant nature of the VS in the complex manure substrates compared to the cassava wastewater. The CW:PL (1:1) had the highest CH 4 production (17.9 mL CH 4 /g substrate) of the CW co-digestion treatments (on a mass basis). The PL co-substrate had higher CH 4 production efficiencies than CW co-digested with DM at both the 1:1 and 2:1 ratios (p-values = 0.017 and 0.025, respectively), indicating that a continuously-fed CW digestion system would benefit from co-digesting with PL due to the high organic loading of the PL substrate.
Cumulative CH 4 Production Based on Digestion Period
While the overall CH 4 production efficiency from the CW-only was higher than the manure substrates, the CW-only treatment produced 118 mL CH 4 /g VS (19% of the cumulative CH 4 ) in the first 15 days of the 48-day digestion period (Table 4; Figure 2 ). During this first third of the digestion period (Days 1-15 ), the CH 4 production from the CW-only treatment was significantly lower (38.6%) than CW:DM at 1:1 (265 mL CH 4 /g VS) and 32.6% lower CW:PL at 1:1 (274 mL CH 4 /g VS; p-values < 0.001). When the ratio of CW to manure was doubled (2:1), the CH 4 production from Days 1-15 in the CW:PL (2:1) and CW:DM (2:1) reactors was 263 and 211 mL CH 4 /g VS respectively, which was 25.7 and 21.5% higher than CW-only (p-value < 0.001 and 0.002, respectively). 
Cumulative CH4 Production Based on Digestion Period
While the overall CH4 production efficiency from the CW-only was higher than the manure substrates, the CW-only treatment produced 118 mL CH4/g VS (19% of the cumulative CH4) in the first 15 days of the 48-day digestion period (Table 4; Figure 2 ). During this first third of the digestion period (Days 1-15 ), the CH4 production from the CW-only treatment was significantly lower (38.6%) than CW:DM at 1:1 (265 mL CH4/g VS) and 32.6% lower CW:PL at 1:1 (274 mL CH4/g VS; p-values < 0.001). When the ratio of CW to manure was doubled (2:1), the CH4 production from Days 1-15 in the CW:PL (2:1) and CW:DM (2:1) reactors was 263 and 211 mL CH4/g VS respectively, which was 25.7 and 21.5% higher than CW-only (p-value < 0.001 and 0.002, respectively). There was no significant difference in cumulative CH 4 production between CW:PL at the 1:1 and 2:1 ratios (p-value = 0.087). The CW:PL (2:1) had 4.1% less CH 4 in the first 15 days of digestion, showing a slight decrease in lag phase during digestion without a significant effect on the overall CH 4 production potential (Figure 2 ). A similar trend was observed when comparing the CW:DM at 1:1 and 2:1 ratios, with 265 and 211 mL CH 4 /g VS respectively, in the first 15 days of digestion, which were not significantly different (p-value of 0.061).
Generally, co-digestion of CW with PL or DM reduced the lag phase for CH 4 production. The highest rate of CH 4 production occurred within the first two weeks, which is consistent with the results from Witarsa and Lansing [30] , where a large percentage of CH 4 production from digestion of separated and unseparated dairy manure (DM) occurred in the first 16 days of a 216 day digestion period (40% and 36%, respectively). Cassava wastewater (CW-only) generated 19% of the total cumulative CH 4 in the first 15 days of our 48-day digestion period, while DM-only generated 48.2% of the total cumulative CH 4 and CW:DM (1:1) generated 57.6% of the cumulative CH 4 production in the first 15 days.
The observed increase in CH 4 production with co-digestion of CW within the first two weeks was consistent with other findings, which emphasized the advantages of co-digestion over single digestion of substrates [2, 32, [35] [36] [37] . Panichnumsin et al. [2] examined the potential of co-digestion of cassava pulp and swine manure in a semi-continually fed stirred tank reactor in mesophilic conditions (37 • C) at a constant organic loading rate of 3.5 kg VS/m 3 d for 15 days and reported a 41% increase in CH 4 yield compared with digestion of swine manure alone. Similar to our study, a batch experiment conducted by Riano et al. [37] at 35 • C for 55 days reported that co-digestion of winery wastewater (10-40%) and swine manure increased CH 4 production by 45-75% and improved digestion stability compared to digestion of swine manure alone.
Abouelenien et al. [35] co-digested, poultry manure (PM) with mixed agricultural wastes comprised of coconut wastes, cassava wastes, and coffee grounds. The cassava waste used in their study was root residue and wet cake from cassava, while our study utilized cassava wastewater. Similar to our study, co-digestion was conducted under mesophilic conditions (35 • C) and saw an increase in CH 4 yield of up to 50% (506 mL CH 4 /g VS) compared to PM-only after 40 days of digestion. Their results were comparable to our study, with cumulative CH 4 production of 531 mL CH 4 /g VS for CW:PL (1:1) after 48 days, which was significantly (p-value = 0.001) higher than PL-only, which yielded only 156 mL CH 4 /g VS. Contrary to our findings, Abouelenien et al. [37] reported an elongation of the lag phase due to co-digestion, which was attributed to the complex organic matter in the mixed agricultural wastes compared to the PM substrate. Whereas in our study, a reduction in lag phase was recorded due to the liquid state of the CW substrate, which was more readily accessible for the rate-limiting hydrolysis phase of digestion.
Impact of Porous Adsorbent on AD of Cassava Wastewater
Zeolite Addition with Cassava Wastewater Digestion
Digesting CW and a high concentration (HC) of zeolite (CW + ZEO-HC) produced the highest cumulative CH 4 (653 mL CH 4 /g VS) for all treatments after 48 days, followed by the treatment with a lower concentration (LC) of zeolite (CW + ZEO-LC), which produced 634 mL CH 4 /g VS, with no significant different between the two zeolite concentrations (p-value = 1.00; Figure 1 ; Table 2 ). The two porous adsorbents used in this study at the HC were also not significantly different (p-value = 0.50), with the cumulative CH 4 produced from CW + ZEO-HC (653 mL CH 4 /g VS) only slightly higher than CW + B-Char-HC (611 mL CH 4 /g VS).
After 9 days of digestion, a significantly higher percentage of the total CH 4 production (37.8%) was observed in CW + ZEO-HC compared to CW-only (Table 3; Figure 2 ). This observation is consistent with Milan et al., where doses of zeolite between 2 and 4 g/L increased CH 4 production of swine manure and of zeolite, while doses above 6 g/L inhibited the process [38] . In our study, the effect of zeolite on digestion of CW, singly and co-digested with manure, the 3 g/L of zeolite (CW + ZEO-HC) had 90.7% and 15.5% more CH 4 production on Days 15 and 20 than CW-only (p-value < 0.001 and 0.045, respectively). The effect of zeolite addition was significant during the early stages of digestion process, up to the first three weeks. At Days 37 and 48, there was no significant difference between CW-only and CW + ZEO-HC, with the cumulative CH 4 from CW + ZEO-HC only 5.1% higher than CW-only (p-values = 0.68 and 0.82, respectively).
Biochar Addition with Cassava Wastewater Digestion
Similarly, an increase in CH 4 production with a shortened lag phase was observed due to biochar addition (Figure 2 ). The effect of biochar addition in reducing the lag phase in AD has been previously reported [39, 40] . Jang et al. showed a 24.9% increase in cumulative CH 4 (467 mL CH 4 /g VS) with 10 g/L of biochar compared to 1 g/L of biochar (395 mL CH 4 /g VS) with mesophilic conditions and 40 days of digestion [40] . Our findings showed that on Day 15, CW + B-Char-HC had 76.8% more CH 4 production than the CW-only treatment, which Jang et al. suggested was due to the high alkalinity of biochar enhancing CH 4 production and shortening the lag phase [40] .
Comparing the concentrations of porous adsorbent added, there was a significant difference in cumulative CH 4 production between the low and high concentrations of biochar (p-value < 0.001) on Day 15 of digestion ( Figure 2 ). In the first two weeks of digestion, CW + B-Char-HC yielded 265 mL CH 4 /g VS, while CW + B-Char-LC yielded 133 mL CH 4 /g VS, illustrating the decrease in lag phase with an increase in the quantity of biochar added.
Comparing the LC and HC of zeolite showed no significant difference (p-value = 1.000) after 48 days of digestion. The ZEO-LC and ZEO-HC at Day 15 produced 8.1% and 4.7% more CH 4 than B-Char-LC and HC, respectively. Yet, by 48 days, there were no significant differences between LC and HC of B-Char and ZEO (p-values = 0.974 and 1.000, respectively). The observed lag in digestion in the mixtures containing CW alone or low concentrations of zeolite or biochar could be as a result of the rapid acidification of CW and inadequate buffer to provide the necessary buffer for microbial community and methanogens, and thus, a longer lag phase for microbial recovery.
The combined effects of manure and biochar showed that CW + PL + B-Char produced significantly more CH 4 at Days 15 and 20 (273 and 400 mL CH 4 /g VS, respectively; p-values < 0.001) than CW + B-Char (39.9 and 265 mL CH 4 /g VS, respectively). After Day 20, the daily CH 4 production of CW + PL + B-Char decreased, while CW + B-Char increased and resulted in higher cumulative CH 4 over 44 days. While the addition of PL or DM to CW increased CH 4 production in the first 15 days of digestion, the CW + PL + B-Char-HC treatment yielded 400 mL CH 4 /g VS (84.8% of total cumulative CH 4 ) in the first 15 days, with this reduction is lag phase likely attributed to the combined presence of biochar and poultry litter.
The ability of biochar to catalyze digestion by providing surface area for the colonization of the microbial cell was previously reported in a review by Mumme et al. [21] . The CW substrate used in our experiment contained a low pH and when co-digested with biochar and manure showed an improved AD process due to the buffer provided by manure and biochar [20] , as observed in the first two weeks of our experiment.
Volatile Solids and COD Reduction during Digestion
Chemical oxygen demand (COD) and VS reduction is associated with CH 4 production. The substrate mixture containing CW + ZEO-HC showed the highest VS and COD reductions during digestion (66% and 49%), which corresponded with the highest cumulative CH 4 production ( Table 2) . Similar trends were reported in previous work [18, 29] . Jiraprasertwong et al. used cassava wastewater in a three-stage up flow anaerobic sludge blanket (UASB) reactor and showed a steady reduction in COD removal with increasing COD loading and an increasing biogas production up to 15 kg COD/m 3 d (one reactor) and 10 kg/m 3 d (two reactors) [18] . For comparison, our batch study had a one-time COD loading for each substrate tested that ranged from 25 to 43 kg COD/m 3 , respectively.
Scale-Up Model
A medium size cassava factory in Nigeria processes 3000-6000 kg of cassava tubers per day, yielding 1000-2000 L CW/d. The size of the digester needed to co-digest CW with PL was calculated to be 50 m 3 (40 m 3 liquid and 10 m 3 biogas headspace), as shown in Figure 3 . The quantity of PL added to digester would vary from 56 kg/d during high cassava production (March to October) to 28 kg/d during low cassava production (November to February) to maintain a 1:1 ratio (by VS). The hydraulic retention time (HRT) would vary from 20 days during high cassava production to 40 days during low cassava production, which should result in 78.8% to 96.5% of the cumulative CH 4 production from the 48-day BMP test (Table 4 ). Using the results from CW:PL (1:1), the daily CH 4 production in the 50 m 3 digester would be 28.9 m 3 CH 4 /d (20-day HRT) to 19.2 m 3 CH 4 /d (40-day HRT), with an annual CH 4 production of 9403 m 3 CH 4 /yr. Using Gibbs free energy (∆G CH4 = 890.4 kJ/mol) [41] , the annual CH 4 production would be equivalent to 373,327 MJ/yr and 24.9 tons of firewood/yr saved, based on 15 MJ/kg of firewood used for heating [42] .
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A medium size cassava factory in Nigeria processes 3000-6000 kg of cassava tubers per day, yielding 1000-2000 L CW/d. The size of the digester needed to co-digest CW with PL was calculated to be 50 m 3 (40 m 3 liquid and 10 m 3 biogas headspace), as shown in Figure 3 . The quantity of PL added to digester would vary from 56 kg/d during high cassava production (March to October) to 28 kg/d during low cassava production (November to February) to maintain a 1:1 ratio (by VS). The hydraulic retention time (HRT) would vary from 20 days during high cassava production to 40 days during low cassava production, which should result in 78.8% to 96.5% of the cumulative CH4 production from the 48-day BMP test (Table 4 ). Using the results from CW:PL (1:1), the daily CH4 production in the 50 m 3 digester would be 28.9 m 3 CH4/d (20-day HRT) to 19.2 m 3 CH4/d (40-day HRT), with an annual CH4 production of 9,403 m 3 CH4/yr. Using Gibbs free energy (ΔGCH4 = 890.4 kJ/mol) [41] , the annual CH4 production would be equivalent to 373,327 MJ/yr and 24.9 tons of firewood/yr saved, based on 15 MJ/kg of firewood used for heating [42] . The estimated cost of the digester system, including two flexible PVC bag digesters, greenhouse enclosures, plumbing, and gas piping, was estimated to be $7500 ($150/m 3 digester) (Shenzhen Puxin Technology Co. Ltd., Shenzhen, China). This cost does not take into consideration the land value or the cost of a heating system. A heating system would likely not be necessary in Nigeria, with average maximum and minimum ambient temperatures of 33 and 25 °C respectively [43] , which are within the mesophilic temperature range. While biogas production decreases with temperature, this decrease is more pronounced below the mesophilic range (<25 °C) [30] . The digester design also includes a greenhouse covering the digester, which our previous research has shown can significantly increase (6.8-24.5 °C) the digester temperature and help maintain a more consistent digestion temperature throughout the day [44] . Assuming a 10-year lifetime and 8% discount rate, the discounted capital investment would be $8617. Based on the expected annual CH4 production, the cost would be $0.09/m 3 CH4, which does not take into account the value of the produced fertilizer from the digester effluent. Assuming a natural gas price of $0.6/m 3 ($1.2/kg natural gas) [45] , the system would have a yearly profit of $5642/yr. The net present value (NPV) is calculated as $47,805, which does not take into consideration the value of the digestate, which can provide valuable The estimated cost of the digester system, including two flexible PVC bag digesters, greenhouse enclosures, plumbing, and gas piping, was estimated to be $7500 ($150/m 3 digester) (Shenzhen Puxin Technology Co. Ltd., Shenzhen, China). This cost does not take into consideration the land value or the cost of a heating system. A heating system would likely not be necessary in Nigeria, with average maximum and minimum ambient temperatures of 33 and 25 • C respectively [43] , which are within the mesophilic temperature range. While biogas production decreases with temperature, this decrease is more pronounced below the mesophilic range (<25 • C) [30] . The digester design also includes a greenhouse covering the digester, which our previous research has shown can significantly increase (6.8-24.5 • C) the digester temperature and help maintain a more consistent digestion temperature throughout the day [44] . Assuming a 10-year lifetime and 8% discount rate, the discounted capital investment would be $8617. Based on the expected annual CH 4 production, the cost would be $0.09/m 3 CH 4 , which does not take into account the value of the produced fertilizer from the digester effluent. Assuming a natural gas price of $0.6/m 3 ($1.2/kg natural gas) [45] , the system would have a yearly profit of $5642/yr. The net present value (NPV) is calculated as $47,805, which does not take into consideration the value of the digestate, which can provide valuable nutrients to produce cassava and/or other crops. The price of adding zeolite or biochar was not included, since these additives may not be available and did not increase the overall biogas production, only decreased the lag phase associated with biogas production. If a higher throughput is desired or if the pH is not stabilized, the addition zeolite or biochar could be added to the full-scale system, if available.
Conclusions
Anaerobic digestion of cassava wastewater was shown to be viable, with CH 4 production enhanced by additions of zeolite and biochar. Co-digestion with dairy and poultry manure decreased the lag phase of digestion but did not increase overall CH 4 production, likely due to the more recalcitrant materials within the manure feedstock compared to CW. While CH 4 production was more efficient with CW-only (higher CH 4 /g VS included), more gross energy production (CH 4 /g substrate added) occurred with the manure substrates due to the higher VS content of these substrates compared to the relatively dilute CW. Poultry litter generally contributed to higher CH 4 production when digested with CW compared to the use of DM, likely due to the higher N content of the PL raising the low C:N value of CW. All combinations of DM and PL showed that adding CW increased their overall CH 4 potential compared to the mono-digestion of PL or DM-only.
Co-digesting CW with PL with or without biochar in a typical rural cassava processing industry can significantly enhance the valorization of CW by yielding more CH 4 in less time and an estimated profit of >$5000/yr, with the creation of valuable fertilizer. The reduction in COD achieved through the digestion of CW could contribute significantly to reducing pollution of surface water due to indiscriminate disposal of untreated CW, as currently practiced in many rural settings. The potential application of digestate for land treatment should be further explored as a means of adding value to the overall cassava processing and value chain. 
